The physics requirements of future hadron-collider experiments require very high collision rates, leading to harsh radiation environments never before confronted in large scale high-energy physics experiments. The high levels of radiation backgrounds becomes a major design criterion for such experiments. Considering the enormous cost and effort involved in building modern high-energy physics experiments, it is vital that particle fluences and energydepositions can be predicted reliably. This is done using Monte-Carlo simulation programs. Given in this paper are the results of comparisons in which the predictions of different simulation programs, all used in the evaluation of radiation backgrounds in the ATLAS and CMS experiments at the CERN Large Hadron Collider, are analysed. Such comparisons give confidence when the predictions agree, and possible cause for further investigation when they disagree.
Introduction
High Energy Physics experiments are being increasingly required to operate at higher energies and higher luminosities. For example, the ATLAS [1] and CMS [2] experiments are being built at the Large Hadron Collider at CERN that will collide protons at centre-of-mass energies up to 14 TeV and luminosities up to 10 ¥ § ¦ cm¨© s¨ . However, the high proton-proton collision rates ( 10 Hz), necessary to study rare physics events, will also result in high levels of radiation backgrounds. Therefore, in addition to physics requirements, the various detector subsystems must also be designed to operate in high radiation environments.
Predicting particle fluences and doses at future hadron collider experiments is important for estimating the following:
Detector counting rates or occupancies. Determined by convolving the predicted particle energy spectra with detectorsensitivity functions.
Monte Carlo simulations. For example, AT-LAS uses the event generators PHOJET [6] or PYTHIA [7] to simulate the proton-proton collisions, and the programs FLUKA [8] or GCALOR [9] to simulate the interactions and cascades of particles in the detector material. The program MARS [10] is used in radiation background studies at both Fermilab and LHC experiments. Considering the enormous cost and effort involved in building modern high energy physics experiments, it is justified to question the reliability of such Monte Carlo predictions. Presented in this paper are the results of comparing different Monte Carlo predictions for situations representative of hadron-collider experiment radiation environments. For the proton-proton event generators, the predictions of PHOJET are compared with those of PYTHIA; for the particle transport programs, the predictions of FLUKA, MARS and GCALOR are analysed. All these Monte Carlos are well established in high-energy physics simulations. Such comparisons give confidence when the predictions agree, and possible cause for further investigation when they disagree.
Minimum-bias event generators
Secondaries from the proton-proton inelastic collisions are responsible for the bulk of the radiation backgrounds expected at the ATLAS and CMS experiments, as opposed to backgrounds originating from beam-gas and beam-losses [11] . Therefore it is necessary to simulate the protonproton interactions, and this is done using Monte Carlo "minimum-bias" event generators. Minimum-bias processes are dominated by soft (low-¢ ¡ ) interactions, but also contain contributions from harder (high-¢ ¡ ) parton-parton scatterings. Minimum-bias event generators have to be able describe both the soft and hard interactions. Although hard processes are well described by perturbative QCD, there is a wide variety of models with distinct theoretical concepts attempting to describe the properties observed in low-¡ interactions. The Monte Carlo event generator PHOJET uses the Dual Parton Model [12] for particle production in low-¡ processes, and perturbative QCD for the hard interactions. PYTHIA uses the leading order QCD matrix elements with a very low transverse momentum cut-off to model low-¡ non-diffractive physics, and has incorporated several different approaches for dealing with the corresponding divergences. Like PHOJET, PYTHIA simulates hard scattering using perturbative QCD. The low-¢ ¡ models employed by PHOJET and PYTHIA, though different, allow a smooth transition between soft and hard processes which is another desirable feature when one is interested in generating minimum-bias events. Other well known Monte Carlo event generators such as ISAJET [13] and HERWIG [14] have not yet been fully developed for minimum-bias event generation, lacking more specific models to describe soft interactions as well as to connect smoothly the soft and hard processes [15] .
Given in Table 1 are the cross-sections for the different interaction processes, as predicted by PHOJET1.12 and PYTHIA6.2, for a centre-ofmass energy of 14 TeV. It is interesting to note the significant differences in the elastic and doublediffractive predictions. 
PHOJET vs PYTHIA comparison
In order to investigate uncertainties associated with minimum-bias event generators on radiation backgrounds, the ATLAS radiation environment was simulated using both PHOJET1.12 and PYTHIA6.2 (default versions, except for setting MSTP(82)=4 in PYTHIA to use the multiple interaction model with the complex scenario option); FLUKA(2001) was used in both cases to cascade the particles through the detector ma- . All inelastic processes were included (diffractive + non-diffractive) in the simulations, giving total inelastic cross sections of 84.5mb and 79.3mb for PHOJET1.12 and PYTHIA6.2 respectively. Elastic interactions were not included as, in this process, the protons scatter at very small angles and interact much farther downstream.
Given in Table 2 are the ratios of the PHOJET predictions compared to PYTHIA for radiation backgrounds in and around the ATLAS detector. Differences in predicted fluences are typically less than 20 %. The only notable exception is for muons in parts of the forward-muon system where £ 50 % differences are observed. This was found to be due to differences in chargedpion and kaon production for energies greater than 
Particle transport codes
Particle transport codes used in hadroncollider simulations have to be able to simulate hadron and electromagnetic cascades from TeV energies down to keV energies, or thermal ener- Figure 1 . Pion energy-spectra predicted by PHO-JET1.12 and PYTHIA6.2. Agreement is observed at low-energies which dominate the pion fluxes; larger differences appear at higher energies. gies in the case of neutrons. Such codes are usually "benchmarked" from time to time against experimental data. However, the radiation environments at such benchmarking-experiments are usually complicated and obtaining data for all the components of the radiation field is difficult, so ambiguities remain. Furthermore, in making predictions for LHC experiments, the transport codes are being extended into a regime never encountered before. Therefore, the simulations really are predictive and will include corresponding (large?) uncertainties. The accuracy of any predictions then depends on the quality and coverage of a code's physics models. As an example of how such uncertainties impact an experiment, ATLAS currently assumes a safety-factor of 2.5 from the showering processes in its FLUKA predictions of particle rates in and around the muon-detector system. This value was based on past experience (previous benchmarked data etc.) and the confidence of the FLUKA authors in the quality and coverage of the physics models implemented in FLUKA. However, recent benchmarked data [16] suggest that this margin can be reduced to £ 20 % for neutrons and photons, at least for cases where iron dominates the material environment.
A comparison with data of standalone-FLUKA and the three different GEANT hadronic event generators (G-FLUKA, G-CALOR and G-GHEISHA) at the single interaction level was performed in 1996 [17] . Deficiencies in all the GEANT packages were highlighted and discussed. In particular, G3-CALOR was shown to underestimate particle multiplicities significantly in the scaling-energy-range, especially where pion interactions are concerned. However, the impact of such deficiencies on predicting macroscopic radiation backgrounds will be problem dependent. For example, the ATLAS muon-system radiation environment is dominated by neutrons and capture-photons, and the predicted pion rates are much smaller.
The FLUKA code
The standalone FLUKA code [8] is wellestablished in studies of hadronic and electromagnetic cascades induced by high-energy particles and can transport particles over a wide energy range, from thermal-neutrons to cosmicrays. It is intrinsically an analogue code, but can be run in biased mode for a variety of deep penetration applications. FLUKA is under constant development and is being used for an increasing range of applications (highenergy experimental physics and engineering, shielding, detector and telescope design, cosmic ray studies, dosimetry and medical physics). It should be noted that standalone-FLUKA is not the same as GEANT3-FLUKA, which uses the hadronic routines of the 1992 version of FLUKA. Details of the FLUKA code and its strategy for handling: inelastic hadron-nucleon and hadron-nucleus interactions; hadron elastic scattering; charged-hadron and muon transport; low-energy (¤ 20 MeV) neutron transport; electron and photon transport; neutrino interactions; can be found in Ref [8] and references therein. FLUKA has been benchmarked against experimental data over a wide energy range for both hadronic and electromagnetic showers [18] .
The MARS code
The MARS Monte Carlo code system [10], developed over 28 years, allows fast and reliable inclusive and exclusive simulation of threedimensional hadronic and electromagnetic cascades in shielding, accelerator and detector components in the energy range from thermalneutrons up to about 100 TeV. It is under continuous development and is being used reliably in a wide range of applications at Fermilab, CERN, KEK and other centres, as well as in special benchmarking studies [10, 19] . MARS uses for its low-energy neutron transport the MCNP code [20] , which is generally regarded as the de-facto standard in low-energy neutron transport and is certainly the most carefully benchmarked of all neutron codes. Details of the MARS code and its strategy for handling the interactions listed above, along with geometry, visualization and support issues, can be found in Ref [10] and references therein.
The GCALOR code
The GCALOR package [9] contains the CALOR [21] simulation code (including the low energy neutron code MICAP [22] ) developed and maintained by the Oak Ridge National Laboratory (ORNL), and an interface to GEANT3 [23] . CALOR has been used extensively for analysing calorimeter systems for high-energy physics detectors, and was one of the recommended detector simulation codes used to support the development of detector designs for the Superconducting Super Collider project. The transport of electromagnetic interacting particles in GCALOR is performed by GEANT, as well as the tracking and the calculation of energy deposition.
For hadron inelastic interactions, GCALOR activates the same routines as GEANT-FLUKA for pions and nucleons with energies greater than 10 GeV (and all other particles anyway). Below this energy and down to thresholds of 2.5 GeV for pions and 3.5 GeV for nucleons, a hybrid treatment is implemented in which a fraction of the interactions is performed as in GEANT-FLUKA and the remainder of the fraction is simulated by the so called scaling model. The value of the fraction varies linearly going from 0 at threshold to 1 at 10 GeV. It should be noted that in the current ATLAS-GCALOR simulations, neutral-kaon transport is performed with the GEANT-GHEISHA routines.
FLUKA vs MARS comparison
Both FLUKA and MARS have been used for many years in the high-energy physics, accelerator and radiation-shielding communities, and are reputed as being two of the most reliable codes for simulations where high-energy hadron interactions and their cascades down to lowenergies are important. Both programs have been extensively benchmarked against experimental data over a wide energy range for both hadronic and electromagnetic showers. Comparisons of FLUKA with MARS should give a good measure of any uncertainties associated with radiation background predictions. The danger of course with such comparisons is that the predictions of both codes could be wrong the same way. However, FLUKA and MARS have been developed completely independently and are based on different physical models, tracking algorithms and geometry descriptions, and such comparisons should give confidence where the codes agree, and cause for further investigation when they disagree.
FLUKA ( opment of particle fluxes and energy-deposition is investigated. Based on an original study by Huhtinen and Mokhov [24] , the current study has been extended to include copper, an important shielding material in the ATLAS shielding design. The length of the target geometry is 200 cm and consists of a central core of radius 40 cm, surrounded by a 60 cm shielding-layer. In the simulations, both steel and copper are used for the core. For the shielding-layer; steel, concrete (Conc) and magnetite-concrete (Bmcn) are all used. Surrounding the shielding-layer are 10 cm layers of borated-polyethylene (BPE) and air respectively. All these materials are typical of shielding materials used in LHC experiments; their details are given in Table 3 .
The particle cascades in the target-geometry are initiated by a 10 GeV/c proton beam along the central-axis of the cylinders. This is a good choice of energy for two reasons: (1) It is just above the few-GeV range, which is the hardest 
and most complex regime for all Monte Carlos to model due to the transition from particle to nuclear physics; therefore the codes are being compared where the uncertainties are likely to be the largest. (2) The secondaries from the protonproton inelastic interactions have energies much lower than the £ TeV collision energies, and the resulting cascades are dominated by particles in the energy range below 10 GeV. The effect of using a higher primary energy would mainly be to increase the longitudinal extent of the cascade; the lateral development of the cascade would not change much.
Particles are transported down to energies of 200 keV, except neutrons which are transported down to thermal energies. Energy integrated fluxes and energy-deposition are obtained in the z-range 50cm ¢ 100 cm (corresponding approximately to maximum of shower development) and in radial steps of 2 cm. In addition, energyspectra have been obtained within the same zboundaries, inside the BPE layer surrounding the cylinder (radial range 100 cm¢ 110 cm).
Results
Shown in Figure 3 is the radial dependence of total-fluences and energy-deposition for the Cu+Conc case. Good agreement is observed for neutrons, photons, e e¨and energy-deposition for all radii. The corresponding comparisons for the Fe+Conc, Fe+Bmcn and Fe+Fe simulations give even better agreement, while the Cu+Fe results are similar to Cu+Conc. Larger differences are observed, but still reasonable, in the chargedhadron comparisons at large radii. It should be noted that protons dominate the chargedhadron fluxes for radii greater than 40 cm. In all the simulations, the biggest differences are seen for muons, up to a factor of 6 at large radii. This result is somewhat surprising; muons originate predominately from charged-pion decay and previous MARS-FLUKA comparisons of pion yields from targets (see for example Ref [25] ) have been reasonable. It is difficult to see how a FLUKA/MARS muon ratio ¡ 5 can arise and this will require further analysis to understand.
Given in Table 4 are ratios of total-fluence and energy-deposition obtained in the BPE-layer for all the different material configurations, showing that agreement at large radii is always within a factor of 2 for neutrons, photons, e e¨and energy-deposition, and always within a factor 2.5 for charged-hadrons. Typically the FLUKA predictions are greater than MARS for all components of the radiation field. A notable exception is for photons in the Fe+Bmcn case, in which the MARS photon predictions are 1.7 times greater than FLUKA. The magnetite-concrete is essentially a mixture of steel and concrete and it is surprising to find a significant difference in the mixture while there is good agreement in the individual components.
Given in Figure 4 are particle spectra in the BPE layer for the Cu+Conc case. Good agreement is observed for neutrons of all energies and for photons and e e¨with energies less than £ 10 MeV. Comparisons for the other material configurations are typically better, although this is not the case for photons in the Fe+Bmcn case (see comment above). Discrepancies are observed in all the comparisons for photons and Figure 3 . Radial dependence of particle fluences and energy-deposition for the Cu+Conc case. Reasonable agreement is observed for neutrons, photons, e e¨and energy-deposition for all radii (for the iron dominated simulations the corresponding agreements are excellent.) In all the simulations, the biggest differences are seen for muons, especially at large radii. 
FLUKA vs GCALOR comparison
The bulk of the ATLAS radiation background studies, optimisations etc., have been performed using standalone-FLUKA and G3-CALOR, where expertise has been available. However, the simulations have evolved independently, resulting in non-identical geometries, material definitions, magnetic-fields and scoring regions; making comparisons of the two programs at the cascade level difficult. This was the motivation for a study in which the predictions of FLUKA and G3-CALOR could be compared for a simplified, but identical, "ATLASlike" geometry (see Figure 5 ). In the simulations, the same p-p event source was used (PHOJET version 1.12) and particle cascades were transported down to the following limits: neutrons 1. all material described with pure-Fe of density 6 g/cm ¥ , except concrete cavern-walls 2. all material described with pure-Cu of density 6 g/cm ¥ , except concrete cavern-walls 3. hybrid material description using pureFe (6 g/cm ¥ ), cast-Fe (7.2 g/cm ¥ ), pure-Cu (8.96 g/cm ¥ ), BPE (0.93 g/cm ¥ ) and concrete (2.35 g/cm ¥ ) to "approximate" the ATLAS situation as illustrated in Figure 5 . The BPE and concrete mixtures are similar to those used in the FLUKA vs MARS study (see Table 3 ). The cast-Fe mixture is 96.5 % Fe and 3.5 % carbon.
Results
In general there is a good agreement between FLUKA and G3-CALOR, as can be seen from inspection of Table 5 . The inner-detector comparisons are typically within £ 20 %; although this is to be expected for all particles except neutrons as they are dominated by secondaries from the proton-proton collisions. Neutron fluences in the inner-detector, however, are dominated by cascade-neutrons "backsplashing" from the calorimeters.
More important are the comparisons in the outer-detector regions, in which hadronic and electromagnetic cascades are transported through many interaction lengths and many scatterings are involved. As in the real ATLAS situation, the energy-flow of particles into the outer-detector regions is up through the shielding material at 650 cm ¤ ¤ 1300 cm, where there is much less material to contain the cascades. In the pure-Fe and hybrid simulations, there is excellent agreement for the neutrons and photons when energy-integrated particle rates are compared. Larger differences are seen in the corresponding all copper simulations, although still typically within a factor of 2. Comparisons of neutron spectra and photon spectra for E ¤ 10 MeV also show good agreement. Large discrepancies appear, however, for photons having energies ¡ 10 MeV in all the material environments, as can be seen in the copper photon spectra of Charged particles are dominated by protons, muons and e e¨, and the corresponding comparisons are reasonable, typically within a factor 2 for protons and 2.5 for the e e¨and muons. For charged pions and kaons, larger differences are sometimes seen (factor For the hybrid case, particle rates in the inner-detector regions are mostly influenced by cast-Fe + BPE, whereas all materials are relevant for the outer-detector case. The E ¡ 10 MeV neutron ranges marked with an asterix do not include the Cal1 ratios, which are significantly higher (factors 3.4, 3.1 and 3.4 for Fe/Conc, Cu/Conc and hybrid cases respectively).
detector regions. Fortunately rates are typically much smaller than the other radiation components and do not contribute significantly to the total rates. However, in regions where hadron cascades are still being developed, for example Cal6, the pion component is important. This was checked and the charged-pion flux predictions agreed to within a factor of 2 in both the pureFe and Copper simulations. No data is presented for neutral-kaon comparisons. Again, the absolute rates are typically much smaller than the other components of hadron-collider radiation fields. However, on a cautionary note, it is possible for their significance to increase when investigating particle fluences inside magnetic fields. This is because low-momentum charged particles are unable to penetrate the magnetic field regions and the dominant charged-particle component may originate from K decay inside the magnetic fields.
It should be noted that, unlike MARS, GCALOR shares some common ancestry with FLUKA in that GCALOR activates the same high-energy hadron interaction routines as the 1992 version of FLUKA. Therefore some of the "agreement" in the predictions may be inherent, and some of the "disagreement" may be due to the many improvements made to the FLUKA code over the past 10 years. However, the transport of low-energy neutrons ( ¤ 20 MeV) and corresponding gamma production, which dominate the outer-detector radiation environments, is handled differently (MICAP pointwise crosssections versus FLUKA multigroup treatment).
Summary
The ATLAS radiation environment was simulated using two different proton-proton minimum-bias event generators, PHOJET1.12 and PYTHIA6.2, and the FLUKA(2001) transport code to cascade the particles through the detector material. Comparison of energy-integrated particle fluences, in all regions, show that differences in the two sets of predictions are typically less than 20 %. This can be compared to the 30 % currently assumed by ATLAS and CMS as an estimate of event-generator uncertainty. Larger differences (£ 50 %) were observed for pions, kaons and muons for energies greater than several GeV; however these particles give only a small contribution to the total fluence and in most cases can be ignored.
In order to investigate transport-code differences, simple but well-defined crosscomparisons were made of FLUKA(2001) with MARS14(2002) and GCALOR. The FLUKA vs MARS study investigated the lateral development of particle fluxes up to large radii for a wide range of materials. Good agreement is ob- Figure 6 . Photon spectra obtained in the "copper simulations" (worse case). The photons are dominated by those with energies less than £ 10 MeV, where agreement is typically within a factor 2. The peaks at 0.51 MeV and 2.2 MeV correspond to positron annihilation and neutron-capture on hydrogen respectively. Clear disagreement can be seen for photons with E ¡ 10 MeV. served for energy-integrated neutron, photon and e e¨fluxes as well as energy-deposition as a function of the cylinder radius; typically within 50 %. The agreement for charged-hadrons is not as good, but differences are always within a factor 2.5. The largest differences were seen for some of the minor components of the radiation field (high-energy photons and muons) at large radii, giving motivation for further investigation. However, the relative importance of these radiation components in terms of impacting a detector system is unlikely to be significant.
The FLUKA vs GCALOR study investigated differences in predictions for simulations representative of the ATLAS situation. Of particular interest are the comparisons in the outer-detector regions, where the muon-tracking system is located and differences in the flux predictions are likely to be greatest. Good agreement was found in all regions for energy-integrated neutron and photon fluences in the 'iron' and 'hybrid' simulations, always within factors 1.3 and 1.4 respectively (the 'hybrid' simulations being the most representative of the real ATLAS situation). The corresponding comparisons for the 'copper' simulation were not as good, but always within a factor 1.9. Significant discrepancies were observed for photons in the 10 ¢ 20 MeV energy range in the outer-detector regions, and for highenergy neutrons in the 'Cal1' region. Charged particle fluxes in the outer-detector regions are dominated by protons, muons and e e¨and the corresponding comparisons, while not as good as for the neutrons and photons, are reasonable. Differences were always less than factor of 1.8 for the protons and 2.5 for the e e¨and muons.
It can be concluded that the predictions of FLUKA, MARS and GCALOR are in good agreement for neutron and photon fluxes, especially for material environments dominated by iron. At large radii, or in outer-detector regions, neutrons and photons are usually the most important components of the radiation background and the consistency of the Monte Carlo predictions gives confidence in the predictions. Certainly no discrepancies have been observed, in any of the comparisons, which exceed the safety-factor of 2.5 currently used by ATLAS as an estimate of transport-code uncertainties in the outer-detector regions. For the iron dominated simulations, no discrepancy has been seen greater than a factor of 1.5. Considering the benchmarking results which concluded that FLUKA was accurate to £ 20 % in its predictions for neutrons and photons, a lower safety-factor than 2.5 is suggested for neutron and photons in iron dominated material environments. Also encouraging are the results of the charged-hadron comparisons, dominated by protons in the outerdetector regions (or at large radii); always within a factor 2.5.
It should be noted that the Monte Carlo simulation codes are continually evolving, albeit some more than others, so that some of the discrepancies observed in the comparisons may disappear in future versions.
